In order to make distinctive speech sounds, it is necessary to control two separate acoustic cavities. There has been a longstanding debate about whether a lowered larynx is essential for this. Lieberman and Crelin have used it as an argument against speech in Neanderthals. This claim is controversial, not only for paleontological reasons, but also because researchers do not agree on the need of a lowered larynx for distinctive speech.
larynx. As for the lack of positive evidence, the original sources that are usually referred to in this context (Aiello, 1996; DuBrul, 1958) do not really make a direct link between bipedalism and the anatomy of the human vocal tract. They only state that bipedalism removed some constraints on the function of the mouth and the larynx. The disappearance of these constraints allowed different functions of the larynx and vocal tract to evolve. However, theses sources do not propose that the development of the human larynx did not serve an adaptive purpose.
When looking at other animals, one also does not find a clear correlation between bipedalism and the position of the larynx or the shape of the vocal tract. Kangaroos can be considered bipedal animals, but do not have a lowered larynx, whereas there are quite a few animals with lowered larynxes (Fitch & Reby, 2001 ) that are quadrupedal.
Although this is still an underexplored area of research, it does indicate that bipedalism does not have much to do with the position of the larynx.
An explanation that does involve an adaptive function of the lowered larynx is that of size exaggeration (Fitch & Hauser, 2002; Fitch & Reby, 2001; Ohala, 1984) . Fitch and colleagues have found that in many animal species males have larynges that are much lower than those of the females of the species. He has also found that the signals that can be produced with these lowered larynges tend to impress other members of the species (or predators) and thus confer an evolutionary advantage. However, most mammals with lowered larynges still have a flat tongue, and can also still directly connect the larynx with the nasal cavity such that they can breathe and swallow simultaneously. Although it is therefore quite possible that size exaggeration played a role in the evolution of (especially the male-) human vocal tract, I would argue that the size exaggeration hypothesis does not completely explain the unique shape of the human vocal tract.
The classical functional hypothesis about the shape of the human vocal tract is that it is an adaptation for speech (Negus, 1938 (Negus, , 1949 . The round shape of the tongue, and the extra space in the pharyngeal (throat) cavity that is created by the lowered larynx and the high velum, makes it possible to control two independent cavities. This makes it possible to create the largest possible set of distinctive speech sounds. Given the advantage of being able to produce distinctive signals efficiently, the disadvantages of the human vocal tract shape were offset evolutionarily.
This final hypotheses has been used as the basis of research into the vocal-and by extension the linguistic abilities of Neanderthals. This has first been investigated by Lieberman, Crelin Wilson, and Klatt (P. Lieberman & Crelin, 1971; P. H. Lieberman et al., 1972; P. H. Lieberman et al., 1969) and followed up by other researchers (e. g. Boë et al., 2002; Carré et al., 1995) . This work has made effective use of computer modeling of the acoustic properties of different hypothetical vocal tracts. The results of this work have been rather controversial and contradictory, however. Even though all researchers have used very similar models and methods, they draw different conclusions. Simplifying the discussion somewhat, it can be said that Lieberman et al. find that the position of the larynx does matter, and that Neanderthals did not have a lowered larynx. Carré et al. (1995) find that the position of the larynx does matter, and that Neanderthals probably had a lowered larynx, while Boë et al. (2002) find that a lowered larynx does not matter, and that Neanderthals were therefore able of complex speech. Part of the controversy is due to the different anatomical reconstructions that are used, but an important part of the controversy is also caused by the different views of the authors about the role of articulatory constraints. It appears that Lieberman et al. and Carré et al. think This discussion cannot really be resolved when working with hypothetical reconstructions of (Neanderthal) vocal tracts. There are just too many unknowns. In this paper it is therefore proposed to start to investigate the role of a descended larynx with vocal tracts that we do have data about: those of human males and human females. There exist both reliable data of the anatomy (e. g. Fitch & Giedd, 1999) and corpora of utterances (e. g. Peterson & Barney, 1952) . However, as I want to exclude linguistic influence, and as I want to be able to extend the research to hypothetical ancestral vocal tracts, a computer model will also be used for this research.
In this paper the area of the acoustic space that is accessible by a model of the male vocal tract, similar to the maximum vowel space (Boë et al., 1989) , will be compared with that of the female vocal tract. As there are other differences between the male-and female vocal tracts than the position of the larynx, an artificial model that has a larynx with a female shape at the male position will also be included in the comparison.
The results of the simulation will be compared with data from male and female speakers, and finally the implications for (modeling) the evolution of speech are discussed.
X.2 Method
Two things are needed for the modeling part of this paper. First, an articulatory model is needed that can easily be modified to model both the male and the female vocal tracts.
Second, a method is needed to calculate the area of acoustic space that can be reached by each variant of the model.
X.2.1 Articulatory model
The articulatory model is based on Mermelstein's geometric articulatory model (Mermelstein, 1973) . A geometric model explicitly models the physical parts (larynx, pharynx, tongue, velum, palate etc.). As the aim of the research is to investigate the influence of (subtle) anatomical variation, a geometrical model was preferred over models that use a statistical approximation to vocal tract shapes that have been traced from X-ray or MRI images, such as Maeda's model (Maeda, 1989) . Another potential geometric model is the one developed by Goldstein (Goldstein, 1980) This only results in a two-dimensional projection of the vocal tract and this is insufficient for calculating the acoustic properties of the vocal tract. For this, the crosssectional area of the vocal tract along its length is needed. Therefore, the Mermelstein model has a second part, which is a set of formulae to convert the mid-sagital section into the areas along the length of the vocal tract. Both are described in Mermelstein's (Mermelstein, 1973) original paper. The geometric part of the model was modified for the different articulatory models. The conversion from the mid-sagital section to the areas was kept unchanged for all models used in this paper.
The Mermelstein model is a model of the male vocal tract, and was used directly as the model of the male vocal tract in this paper. Two other models were derived from the original model. The female vocal tract was derived from the male vocal tract by raising the larynx by 22 mm. However, this does not result in a very realistic model of the female vocal tract, as the male epiglottis is rather larger than the female one, and the distance between the esophagus and the larynx is also larger in the male vocal tract than in the female vocal tract. Therefore, in the female model the epiglottis was reduced, as well as the distance between the esophagus and the larynx. These modifications are illustrated in figure 1 .
Because of the differences in anatomy in the region of the larynx, the comparison of the male-and female models involves more than the effect of a lowered larynx.
Therefore a comparison between two models that only differ in the position of the larynx is in order, even though this involves a model that does not correspond to a real human vocal tract. It was decided to create a model with a female larynx at the position of the male larynx, instead of a model with a male larynx at the female position. This was done because the larger male larynx at the higher female position impedes the movement of the tongue. This model is illustrated in the right part of figure 1.
X.2.2 Area of acoustic space
In order to calculate the articulatory abilities of a given model, an estimate must be made what part of the available acoustic space can be reached by the model. In the case of the experiments presented here, the acoustic space was considered to be determined by the first and second formant (formants are resonances of the vocal tract, numbered by increasing frequency). Although this space is insufficient to describe consonants, most vowels can be described in it, and it is therefore used by all researchers that investigate models of the descended larynx.
Human perception is logarithmic. This means that humans perceive a doubling of frequency as sounding the same at every frequency. Therefore the logarithm (base 10) of the frequency of the formants was used. In this way every articulation can be characterized as a point in a two-dimensional acoustic space.
For estimating the area that each model can cover in acoustic space, a measure is calculated that is closely related to the Maximal Vowel Space (Boë et al., 1989) . The measure used here is perhaps slightly less accurate, but easier to calculate automatically.
A large number (10 000 in the experiments presented here) of random settings of the articulatory parameters are generated. For each setting that results in an articulation for which the vocal tract is open, the acoustic signal is calculated. The vocal tract is considered open whenever the minimal area anywhere is greater than or equal to 0.1 cm 2 .
Smaller areas would result in frication noise, and therefore not in a clear vowel that can be described by formants alone. The acoustic signal is calculated by making a lossless tube (Kelly & Lochbaum, 1973; Rabiner & Schafer, 1978) approximation of resulting vocal tract configuration. This procedure results in a cloud of points in acoustic space.
The approximate area occupied by this point cloud is estimated by calculating the convex hull. The convex hull of a set of points is the volume or area that is determined by all linear interpolations between all points in the set. In two dimensions, the edge of the convex hull can be imagined as a rubber band tightly wrapped around the point cloud.
The procedure of determining a convex hull is illustrated in figure 2 .
When a sufficiently large number of random articulations is used, this procedure results in a reliable estimate of the acoustic space that can be reached by a given articulator. Random articulations are used because, given the complexity of the mapping between articulations and their acoustic result, a systematic exploration of the available space is impossible. Also, when using a random scheme instead of a deterministic scheme, repeated measurements can give an idea of the spread of the areas calculated by the method.
The use of a convex hull is justified when a sufficiently large number of points is 
X.3 Results
In order to investigate the effect of a lowered larynx, the different computer models were simulated and compared. Furthermore, confirmation of the results was sought in an existing dataset of human vowel articulations.
X.3.1 Simulation
With each articulatory model, ten datasets, each consisting of 10 000 articulations were generated. For each of these datasets, the area in acoustic space was calculated. Three example data sets are presented in figure 3 as well as the convex hull around all 100 000 articulations per articulator (which gives the best idea of the extent of the acoustic space.
The exact areas are given in table 1. The significance of the differences in area was calculated using the Wilcoxon rank sum test, and it was found that the difference between the male and female models was significant with p < 0.01, while the difference between the female and mixed models was significant with p = 0.014. Given that the female areas tend to be the largest, it can be concluded that the models with the lower larynx cover a smaller area of acoustic space than the model with the higher larynx. It must be stressed that the difference is small, but that it is significant.
X.3.2 Human data
The articulatory abilities of male and female speakers can also be compared using human data. Although humans utterances are usually influenced in some way by the speaker's native language, an idea of the available acoustic space can nevertheless be gained when working with carefully articulated words or isolated vowels. As the study presented here was mostly involved with constructing a model, an existing dataset was used. Using an existing dataset also prevents unconscious observer bias and makes for easier verification of results. Here Peterson and Barney's (Peterson & Barney, 1952) classic dataset was used, as reconstructed and made available on the web by Watrous (Watrous, 1991) . 
X.4 Conclusion and Discussion
The results show that the female vocal tract is able to produce a larger range of acoustic signals than the male vocal tract, given the same articulatory constraints. This was found both in computational simulations of the two types of vocal tracts and in the Peterson and Barney dataset (1952) of vowels recorded from human subjects. The conclusion to be drawn from this is that a lower larynx does not necessarily mean better articulatory capabilities.
A different explanation for the lower position of the (adult) male larynx is therefore needed, and a likely candidate is the theory of size exaggeration as proposed most recently by Fitch and colleagues (Fitch, 2000; Fitch & Hauser, 2002; Fitch & Reby, 2001 ). This does not mean that the human vocal tract did not evolve for speech, or that any vocal tract configuration would be as suited to vocal communication. On the contrary, I still consider it likely that the rather unique shape of the human vocal tract is due to selection for the ability to produce distinctive speech. The research presented in this paper does not really shed light on this issue, though.
In order to investigate the adaptive value for speech of the human vocal tract further, models with higher larynxes than the female model are needed. However, due to articulatory constraints, this is hard to realize with the present model. Future work could focus on building accurate models of monkey-and ape vocal tracts.
There are two more conclusions relevant to the evolution of speech that can be drawn from this work. The first is that the differences in acoustic abilities for the models with different larynx shapes and positions really are not that big. This makes it plausible that usable complex vocal communication systems would also be possible with ape-and monkey vocal tracts, and possibly with any mammal vocal tract. Although this does not mean that the human vocal tract was not influenced by selection for speech, it makes it likely that the descent of the larynx (and other modifications for speech) was not the crucial factor that it is sometimes made out to be.
Finally, given that the female vocal tract is better for speech than the male vocal tract, it is better to base hypotheses about the vocal abilities of Neanderthal and other ancestral vocal tracts on the female vocal tract, rather than on the male vocal tract. The modern human male vocal tract has apparently undergone other evolutionary pressures than those for distinctive speech. Any investigation into articulatory abilities based on the male vocal tract would therefore confuse these pressures with the pressures for better speech.
Although many questions still remain unanswered, and a number of different variations of the model still need to be investigated, if nothing else, the research described in the paper has illustrated the use of realistic geometric articulatory models in investigating the acoustic abilities of different vocal tracts.
